Background In 2010, a widely used metal-on-metal hip implant design was voluntarily recalled by the manufacturer because of higher than anticipated failure rates at 5 years. Although there was a large published range of revision rates, numerous studies had reported a higher risk of revision for excessive wear and associated adverse tissue reactions when compared with other metal-on-metal total hips. The reasons for this were suggested by some to be related to cup design features. Questions/purposes From retrievals of ASR metal-on-metal implants and tissue samples obtained at revision surgery, we asked the following questions: (1) What were the common and uncommon surface features? (2) What were the common and uncommon linear and volumetric wear characteristics? (3) Were there common taper corrosion characteristics? (4) What aseptic lymphocytic vasculitisassociated lesion (ALVAL) features were present in the tissues? Methods Five hundred fifty-five ASRs, including 23 resurfacings, were studied at one academic research center. Features of wear (eg, light and moderate scratching), damage (eg, deposits, gouges), and bone attachment on the porous coating were semiquantitatively
ranked from 0 (none) to 3 (> 75%) based on the amount of a feature in each region of interest by the same experienced observer throughout the study. Visible features of head taper corrosion were ranked (Goldberg score) from 1 (none) to 4 (severe) by the same observer using a previously published scoring method. An experienced tribologist measured component wear depth using a coordinate measuring machine and quantified wear volume using previously validated methods. All available tissues were sampled and examined for features of ALVAL and scored from 0 to 10 by a single observer using a method they previously developed and published. A score from 0 to 4 is considered low, 5 to 8 is considered moderate, and 9 or 10 is considered high with regard to the risk of metal hypersensitivity features in the tissues. Results The most common bearing surface features were light and moderate scratches and removal or postremoval damage. Discoloration and deposits were commonly observed on femoral heads (55% [305 of 553]) and less commonly on cups (30% [165 of 546]). There was no evidence of impingement or dislocation damage. There was typically a small amount of bone attachment in at least one of eight designated regions of interest (84% [460 of 546]); extensive or no bone attachment was uncommon. Edge wear was highly prevalent. The maximum wear of 469 cups (88%) occurred near the edge, whereas the maximum wear of 508 femoral heads (94%) occurred between the pole and 45°from the pole. The median combined head-cup wear volume was 14 mm 3 (range, 1-636 mm 3 ). One hundred sixty-nine pairs (32%) had a combined wear volume of < 10 mm 3 , 42 pairs (8%) had volumetric wear of > 100 mm 3 , and 319 pairs (60%) had wear volume between 10 and 100 mm³. Seventyfour percent of tapers (390 of 530) received a Goldberg score of 4, 22% (116 of 530) a score of 3, < 5% (24 of 530) a score of 2, and none received a score of 1. The most frequent ALVAL score was 5 out of 10 (35 of 144 hips [24%]) and ranged from 2 (one hip) to 10 (nine hips); 92 of 144 (64%) had a moderate score, 17 of 144 (12%) had a high score, and 35 (24%) had a low score. Conclusions Although edge wear was prevalent, in most cases, this was not associated with high wear. The increased diameter and decreased coverage angle of the ASR design may have resulted in the observed high incidence of edge wear while perhaps decreasing the risk for impingement and dislocation. Clinical Relevance The role of bearing wear in the revisions of metalon-metal implants is controversial, because it is known that there is a large range of in vivo wear rates even within the same implant type and that patient variability affects local tissue responses to wear debris. The observations from our study of 555 retrieved ASR implant sets indicate that there was a wide range of wear including a subset with very high wear. The results suggested that the failure of the ASR and ASR XL was multifactorial, and the failure of different subgroups such as those with low wear may be the result of mechanisms other than reaction to wear debris.
Introduction

I
n the mid-2000s, modern metalon-metal (MoM) THA saw wide use as a result of potential advantages of reduced dislocation rates and wear compared with conventional metal-on-polyethylene THA [1, 5] . The Articular Surface Replacement (ASR) MoM system was introduced in 2003 (DePuy, Inc, Warsaw, IN, USA) as a hip resurfacing or large-diameter THA (ASR XL, ranging from 39 to 57 mm). The ASR XL and ASR surface replacements exhibited higher revision rates compared with other MoM systems [24] . Specifically, the Australian Joint Registry reported a cumulative 5-year revision rate of 9.3% (95% confidence interval [CI], 7.3%-11.9%) [11, 45] , and the National Registry of England and Wales reported a 5-year revision rate for all causes of 11.4% for the total hip and 9.6% for the resurfacing [11, 45, 50] . Consequently, in late 2010, the manufacturer voluntarily recalled the ASR system worldwide.
The manufacturer contacted our research center based on our extensive experience with implant retrieval analysis [6, 14, 30, 35, 36] . The purpose of the present study was to perform retrieval analysis of all of the available ASRs in North America after the recall. All additional implants that had been collected by the company before the recall were also all provided for analysis.
We examined and documented the surface features, wear, and taper corrosion damage on the components and histologically analyzed all available tissues of these retrievals. We asked the following: (1) What were the common and uncommon surface features? (2) What were the common and uncommon wear characteristics? (3) Were there common taper corrosion characteristics and could they be quantified using an established scoring method? (4) What aseptic lymphocytic vasculitis-associated lesion features were present in the tissues?
Materials and Methods
According to the manufacturer's records, approximately 37,000 ASRs were implanted in the United States, and as of June 2017, 6563 were known by the manufacturer to have been revised (approximately 18%). Between April 2011 and June 2016, we received implants from 555 ASR revision surgeries, including 23 hip resurfacings performed between 2007 and 2016. A total of 36 retrievals had been collected before the recall by the company via their product complaint department. These 36 retrievals had been evaluated by the company but were reevaluated at our research center using the protocol established for the present study. The remaining 519 retrievals were received after the recall using a specific collection, identification, and shipping protocol that was approved by all involved parties to preserve potential evidence in litigation associated with the recall. Patient consent was required; otherwise, no exclusion criteria were used to reject inclusion into the study. Specifically, all of the retrieved components and all of the collected tissues were submitted to our research center directly or through the manufacturer, and none was excluded from the study. All specimens were directly sent to the investigator's research center and none was retained by the manufacturer. The specimens came from 277 independent sources including the revising hospitals, secure storage facilities, or legal offices.
The majority of the retrieved implants, that is, 523 pairs, seven heads, and two cups, were ASR XL acetabular cups and heads from THAs, whereas the remaining 23 were resurfacings, consisting of 21 pairs and two heads. Fourteen patients' hip implants were examined visually but were returned to patients' attorneys before metrology was performed. Measurements of the bearing wear and surface profilometry (metrology) were performed for the remaining 541 retrieved hip implants: 530 head-cup pairs, two cups, and nine heads. According to the original manufacturer identification numbers on the retrievals in this study, there were no purposely aspherical heads or balls included, and they were all designed as spherical. Head diameters were 39 to 57 mm with 45 mm being the most common size. Thirtynine retrievals included femoral stems; 20 stems had 11/13 trunnions, 18 stems had 12/14 trunnions, and one trunnion was an unknown type.
The time to revision ranged from 2 weeks to 9.5 years (median, 4 years). Two hundred twenty-nine patients were male, aged 21 to 88 years (median, 57 years), 300 retrievals were from females, aged from 43 to 88 years (median, 58 years), and the sex of the remainder of the patients was unknown.
Implants were initially inspected in their as-received state, documenting any damage that may have occurred during shipping and handling. Then, implants were decontaminated by soaking in 10% neutral-buffered formalin solution for > 20 hours. Articulating surfaces were cleaned using detergent (Liquidnox®; Alconox, Inc, New York, NY, USA) and rubbed lightly using nonabrasive sponges. Taper surfaces were rinsed without rubbing.
Surface Characteristics
The central and peripheral surfaces were divided into eight regions, resulting in 16 regions per component (Fig. 1 ). Visual and stereo macroscopic (Wild M5A, Heerbrugg, Switzerland) examination of the components was conducted. High-resolution photography was used for macroscopic gross and close-up documentation following a standardized sequence of views of each of the central and peripheral regions of the articulating and nonarticulating surfaces.
Surfaces were examined by an experienced observer (S-HP) for evidence of in-service damage and wear as well as for damage arising from the revision surgery or from improper handling after removal. Damage features arising from removal or improper handling could be distinguished from in-service damage based on the superficiality of the former type of damage, including associated pits or gouges, and from the way the edges remained proud in relation to the background level. Features were ranked semiquantitatively from 0 to 3, where 0 is none, 1 is up to 25%, 2: 25% # 75%, and 3: > 75% of the feature was present in each of the regions (Fig. 1 ).
Scratches were categorized at low magnification as light (visibly apparent but without perceived depth), moderate (slightly perceived depth), or heavy (evident depth). Damage from cup impingement against the femoral stem, defined by a localized area of evident abrasive damage to the outer cup rim, was documented when present. Other features included discoloration or deposits, haziness (dullness), and pitting or gouging from retrieval damage or improper handling. On the nonarticulating surface of each cup, the area coverage of attached bone or soft tissue was ranked.
Wear and Surface Roughness Measurements
Metrology was performed by an experienced tribologist (ZL) blinded to the clinical data such as the gender and length of implantation. Each articulating surface was measured with 0.5-mm spacing using a Mitutoyo Legex 322 coordinate measuring machine (CMM) (Mitutoyo America Corp, Aurora, IL, USA). The head measurements covered spherical segments from 6°be-yond the equator to the pole (192°c overage). The cup measurements covered spherical segments 0.5 mm below the edge to the pole, typically covering 150° [30] . The data were processed to evaluate the distribution of wear depth and wear volume using methods developed and verified previously [30] . First, the unworn areas were assessed by leastsquares method using multiple iterations to reach convergence in the identified area. Specifically, the process started with an analytical sphere that was fitted to all CMM data points using the least-squares method. The distance of the CMM data points to the fitted sphere exposed partially worn areas, heavy scratches, damages, and deposits. Those data points were removed, and another analytical sphere was fitted to the remaining data points. This process was repeated until the remaining data points had sphericity < 5 mm and a root mean square of the residual errors < 1 mm compared with the fitting sphere. The final remaining data points were considered as representing the unworn areas. A bestfit analytical sphere was then created based on these points using the leastsquares method. Finally, the wear depth was taken as the distance from each CMM point inside the worn area to the surface of the best-fit sphere, thereby producing the wear depth map. Wear volume of each component was calculated using a method utilizing spherical triangles [30] . A threedimensional wear map was constructed to present the distribution of wear depth using PATRAN (MSC Software Corp, Santa Ana, CA, USA). Using the CMM wear map as a guide, the average surface roughness (Ra) was measured in the location of maximum wear and a nonworn area with minimal damage using a Mitutoyo SVC 3100 profilometer (Mitutoyo America Corp) fitted with a 2-mmradius diamond contact stylus in accordance with ASME B46.1-2009.
Taper Damage
The connection areas of the inner taper sleeve, typically retained within the femoral head, were visually inspected by an experienced observer (S-HP) with the aid of a stereo macroscope with increasing magnification as needed. Based on the area percentage of discoloration, deposits, and texture changes, including imprinting, a corrosion damage score of 1 (none), 2 (mild), 3 (moderate), or 4 (severe) per Goldberg et al. [16] was assigned.
Tissue Characterization
One hundred fifty-four of the submitted implant sets were accompanied by periprosthetic tissues. Ten of these specimens were unsuitable for histopathology because they were bone, blood clot, or were below the 5-mm minimum size for processing. The remaining 144 had one or more tissue specimens each. Multiple samples were taken from each submitted specimen to include both the representative tissue as well as any areas that appeared to have a different or unusual color or texture, resulting in multiple slides per hip and multiple pieces per slide. The tissues were processed into paraffin wax to produce hematoxylin and eosin-stained sections. The 10-point aseptic lymphocytic vasculitis-associated lesions (ALVAL) score was used by an experienced investigator blinded to the specimen source (PAC) [7] . Each histologic section was given a separate score for the integrity of the synovial lining (0-3 points), the type of inflammatory infiltrate (0-4 points), and the overall tissue organization (0-3 points) score where the lower scores reflect minimal changes from normal capsule-like tissues and the highest scores reflect features that have been associated with metal sensitivity. When more than one slide was available in a hip, the maximum and minimum scores were recorded. The aggregate score from 0 to 4 was considered low, 5 to 8 was considered moderate, and 9 or 10 was considered high with regard to the risk of metal hypersensitivity features in the tissues.
Results
Surface Characteristics
The most common bearing surface features were light and moderate scratches on both heads ( Fig. 2A) and cups (Fig. 2B ), polished areas (Fig.  2C) , and variable discoloration and thin deposits (Fig. 2D) . On the cups, highly worn areas were either highly polished or covered with scratches, whereas on the heads, they were always covered with scratches. Thin deposits, often accompanied by discoloration, were present in 165 of 546 acetabular cups (30%) and in 305 of 553 femoral heads (55%). The discolored area of the head was three to five times larger than the discolored areas on the cups. Four hundred twenty-six heads (77%) exhibited multiple bands of light scraping damage outside of the worn area (Fig. 2E) . Ten femoral heads exhibited long, extended oval patterns of high wear along with a distinct hazy pattern of scraping in high-wear areas. These were accompanied by fine, microscopic-sized pits, indicating repeated in vivo subluxation (Fig. 2F) . The matching cups had severe wear concentrated on the cup edge, accompanied by a hazy pitting area at the edge (Fig. 2G) . More than 90% of cups and heads exhibited variably sized dull, hazy areas ( Fig. 2H ) with dense, fine scratches, typical of third-body damage (Table 1 ). In 14 retrieval sets, third-body damage was accompanied by deep scratches (Fig. 2I) .
Retrieval or handling damage was common on all surfaces. Commonly, a single long scraping mark was present on the dome, observed in 456 heads (82%) (Fig. 3A) , likely from dislocation during revision surgery. Dispersed, small indentations or pits were observed on head articulating surfaces, especially around the equator. Most of the pitting and indentation damage was attributed to removal or handling damage where the edges of the pits were proud in relation to the background and those features looked superficial (Fig. 3B) [36] .
In 460 of 546 acetabular cups (84%), at least a small amount of bone attachment was observed, typically in several of the eight nonarticular regions (Fig. 4) . The combined mean bone attachment score was 7 6 4 (range, 0-20; maximum possible 24). The mean implant duration of cups with any bone attachment was 51 6 11 months (range, 1-114 months). However, in 85 cups (16%), with a mean duration of 40 6 7 months (range, 1-86 months), there was no apparent bone.
There was no apparent evidence of impingement between acetabular outer rims and femoral stems based on the visual inspection of the acetabular components. There was also no impingement damage on the femoral necks of the 39 retrieved stems or on the rims of those cups. Two hundred one of 546 cups had rim damage that was attributed to removal damage. None of the retrievals had damage consistent with in-service impingement, ie, there was no local abrasion damage to the rim.
Wear and Surface Roughness Measurements
Maximum cup wear depth ranged from 3 to 968 mm (median, 23 mm) (Fig.  5A) . Edge wear occurred with 525 cups (97%), including 469 cups (88%) that had the maximum wear depth at the edge area and 56 cups (9%) with the maximum wear depth below the rim but the wear patches beyond the rim. The maximum head wear depth ranged from 2 to 649 mm (median, 13 mm) (Fig. 5B) , located 29°6 13°( mean, SD) from the pole. In 508 (94%), maximum wear depth was within 45°from the pole. There was a wide range of wear among the *All features were visually ranked from 0 to 3, with 1: < 25%, 2: 25% # 75%, 3: $ 75% of the feature being present in that region; the central and peripheral regions' surfaces were divided into four quadrants; reported scores are combined score of all four quadrants; for backside bone attachment, all central and peripheral areas (eight quadrants) are combined. †mostly retrieval damage. NA = not applicable.
retrievals, some low (Fig. 6A ), some medium (Fig. 6B) , and some high (Fig. 6C) .
The cup wear volume ranged from 0 to 406 mm 3 ( Fig. 7A ; Fig. 7C ; Table 2 ). For the 477 pairs that had information of the duration of time in vivo, the mean rate of the combined wear volume per year was 9 mm³/year (range, 0.2-99 mm³/year).
The resurfacings (21 pairs) had higher combined head-cup wear volumes (median, 24 mm 3 ; range, 1-636 mm³) than THAs (median, 13 mm³; range, 1-508 mm³).
Cup roughness ranged from 7 to 271 nm (median, 15 nm) in maximum wear depth locations, but ranged from 7 to 124 nm (median, 15 nm) in unworn areas ( Table 2) . Ra of heads ranged from 8 to 654 nm (median, 17 nm) in maximum wear depth locations, but ranged from 7 to 89 nm (median, 15 nm) in unworn areas.
Taper Damage
Tapers had considerable amounts of black deposits and textural changes such as imprinting. Seventy-four percent of tapers (390 of 530) received a Goldberg score of 4, 22% (116 of 530) received a score of 3, < 5% (24 of 530) received a score of 2, and none received a score of 1. Patterns of taper damage varied by shape and surface features of the stem trunnion counterface, which was often obvious even in the absence of the stem. Specifically, the smooth surface of 11/13 trunnions (n = 56) produced a wide area of corrosion product deposit on the contact area with a rough texture (Fig.  8A) . In contrast, the 12/14 trunnion (n = 474), which has a microgrooved surface, produced variable degrees of etched grooves on the contact area, ie, imprinting the grooved trunnion pattern onto the sleeve with or without dark deposits at the contact and noncontact areas (Fig.  8B) . Damage was not time-dependent. For example, in five retrieval sets, which were in vivo for < 12 months, moderate to severe corrosion scores (3-4) were observed, whereas, in contrast, in two retrievals with > 60 months in vivo, only mild damage was observed. Variable corrosion patterns were observed among implants with both short and long in vivo durations, corresponding with the highly variable Goldberg scores among smooth (Fig. 8A ) and microgrooved tapers (Fig.  8B) . The taper sleeves were separated from the heads in only 17 retrieval sets. In 10 of these, both the inside of the head and the outside of the sleeve were corrosion-free, whereas the remaining seven showed only light discoloration.
Tissue Characterization
A total of 154 retrieval sets were received with tissue samples that the surgeon had collected during revision, but 10 were unsuitable for analysis. Among the 144 remaining tissues, a wide range of ALVAL scores was found. The most common total ALVAL score was 5 out of 10 (24%) (Fig. 9A ), but it ranged from 2 (one hip) to 10 (nine hips; Fig. 9B ). In 92 hips (64%), the ALVAL score was moderate; in 17 (12%), the ALVAL score was high (Fig. 9C) . Loss of part or all of the outermost synovial lining of the capsule was the most common feature.
Discussion
Introduced in 2003, the ASR MoM hip replacement design was widely used internationally until 2010, when DePuy voluntarily recalled the entire ASR product line worldwide as a result of reports of high revision rates [11, 45] . In most published studies of the ASR, failure was attributed to high bearing wear as indicated by high ion levels measured in patients' blood and serum or pseudotumors and other adverse reactions found either with metal artifact reduction sequence MRI or intraoperatively [23] [24] [25] 27] . In turn, high wear of ASR has been hypothesized to occur as a result of its cup design features such as a smaller coverage angle [28] , which was intended to reduce the risk of impingement [19] but led to a higher risk of edge loading. However, few studies to date have addressed this hypothesis using ASR retrievals on a large scale [25, 32, 33] . Therefore, we conducted a multifaceted investigation of 555 retrieved ASR implants to characterize and quantify surface features, wear, taper damage, and tissue reactions. Overall, the percentage of cups with edge wear in this cohort was higher than that reported in other publications of MoM cups [15, 33, 38, 49] , consistent with the hypothesis that the lower coverage angle led to a higher risk of edge wear. However, we found large variation in all characteristics, including large subgroups of patients with low or high surface damage, wear, taper damage, and tissue reactions such that no single mechanism was predominant in this large cohort. This study had several limitations. First, this was an observational study and not comparative or hypothesisdriven. However, the study was the largest scale of its kind, and the observations may form the basis for other hypothesis-driven studies. Next, routine specimen cleaning procedures were disallowed by court orders overseeing the litigation, which intended to preserve the integrity of potential legal evidence. Consequently, artefactual deposits and debris may have affected surface scoring, particularly tapers. However, for the most part, the bearings were sufficiently cleaned by the gentle procedures that we followed and the rinsing of the tapers was sufficient to allow the imprinting damage to be easily seen and assigned a Goldberg score. We have previously shown that vigorous cleaning of the head tapers typically does not change the overall Goldberg scoring when imprinting is a key feature [20] . We used a stereo macroscope and high-resolution video microscopy to evaluate and document surface features. Given the large cohort of implants, it would be costprohibitive and impractical to perform higher magnification analysis such as scanning electron microscopy on every specimen. Rather, the methodology was designed to address the questions of interest, ie, document the common and uncommon features of all implants within a reasonable time and resource commitment. Furthermore, the Goldberg et al. [16] 4-point corrosion scoring system was not sufficiently sensitive to discriminate among degrees of corrosion damage patterns observed. The taper surfaces that were in contact with 12/14 stem trunnions with microgrooved surfaces commonly exhibited varying degrees of etched (imprinted) grooves. If this was present in > 10% of the taper, whether mild or severe, a score of 4 was given. A more sensitive scoring method should be developed to improve characterization of taper corrosion damage.
Another limitation was that imaging and metal ion data and clinical information other than basic demographics were not widely available; therefore, variables such as implant position or patient activity level could not be analyzed. Furthermore, suitable tissue samples were submitted by the revising surgeon in only 144 patients, and it is possible that the surgeon selected these 144 tissue specimens for submission as a result of unusual features such as metallosis or suspected hypersensitivity, skewing the ALVAL scoring. Nevertheless, the ALVAL scores were distributed over a broad range, comparable to another previously reported group [13] . With regard to the wear analysis, the limitations of using an analytical sphere to fit to the unworn areas of the heads and cups to estimate the wear depth and volume have been well known. Because we did not have as-manufactured measurements of the implants and the sphericity of all unworn areas of heads and cups we measured was within the specifications outlined in ASTM F2033, the best-fit analytical sphere was the only established method to estimate wear. The wear measurements were made as outlined in ASTM guideline F2979 and have been done in numerous similar previous investigations in which hard-on-hard wear was estimated [21, 29, 30, 35, 37, 38, 40, 41, 43, 44, 52] . This method has been verified in joint simulator studies by comparing the wear estimation against wear as measured by weight loss in each component [30] . Finally, some revisions occurred possibly as a result of a "recall effect," that is, wellfunctioning components that might not otherwise have been revised. The recall effect on revision rates is controversial; Tibrewal et al. [2, 47] reported that they did not find evidence within a national referral database supporting any change in the threshold for revision 2 years before and after the ASR recall, but others suggested an increase in revision of MoM implants may the result of a recall [2, 47] .
Surface Characteristics
Despite different reasons for revision and followup times, the implants shared common surface features: light scratching, deposits, and discoloration, albeit to variable degrees. Removal or handling damage, ie, heavy or moderately deep scratches, pits or indentations, and long superficial scrape marks on femoral heads, were common [36] . Removal damage may occur during surgical dislocation. Evidence of clinical dislocation, ie, focal, multiple irregular scrape marks, was absent. However, evidence of subluxation and resultant heavy edge damage was observed in only a few retrievals, presenting as hazy patterns of scraping with fine pits in high-worn areas of heads. Impingement damage on cup rims was not observed, which is expected because the most commonly used head diameter was 46 mm, and one proposed advantage of large diameters was prevention of dislocation [1, 31, 39, 42] . Although bone attachment on porous coatings was common, the amount of bone on the porous surfaces was highly variable. It would be difficult to correlate bone attachment and wear magnitude, because both may be correlated with implantation duration, patient activity level, or other variables, making it difficult to assess cause and effect.
Wear and Surface Roughness Measurements
As indicated, the most common cup wear feature was edge wear; in 97% (525), maximum wear depth occurred at the edge area or the wear patches extended beyond the rim. This was consistent with several previous studies of ASR and other MoM implants. Underwood et al. [49] reported that, among 122 retrieved cups that included implants from DePuy (ASR), Smith and Nephew (BHR, Memphis, TN, USA), Zimmer (Durom, Warsaw, IN, USA), Finsbury (Adept, Leatherhead, UK), and Corin (Cormet, Cirencester, UK), 64% had edge wear. In a retrieval study of 267 hip resurfacings, Morlock et al. [38] observed rim loading in 54% of the explants. Matthies et al. [32] found that edge wear occurred in 67% of the resurfacing group and 57% in the modular hip group in a 240 MoM hip retrieval study. Kwon et al. [21] observed that, although all four cups revised as a result of pseudotumor showed edge wear, only one of 22 retrieved cups in the nonpseudotumor group had edge wear, and the remaining 21 cups in this group had the maximum wear depth located well within the bearing surface. Similarly, Langton et al. [25] reported in a MoM retrieval study that the mean distance of the wear patch to the cup rim was approximately 8 mm. Edge wear is attributed to high cup inclination and anteversion [26, 46] ; however, because radiographs and MRI information were not available for most hip replacements in this study, we could not confirm the role of component malposition in our cases. Edge wear may also be associated with a subhemispheric cup design, which, in turn, affects the distance of the contact patch from the edge [18, 26] . The ASR cup coverage angle in the most common size in this series was 150°, whereas that of the BHR and the Conserve Plus (Wright Medical Technology, Arlington, TN, USA) were 158°and 163°, respectively [3, 10] . The ASR cups with highest wear-42 cases had > 100 mm 3 -showed a particular wear pattern that was maximum at the rim and extended to the dome areas with gradually decreased wear depth. This indicated a combination of edge wear as a result of high inclination angle and wear away from the edge, consistent with other reports [48, 49] . However, in 19% (99 cups), edge wear was below 10 mm³ and confined to the edge areas. Therefore, the results indicated that edge wear alone is not an indicator of high wear.
The median implant duration was 4 years. Studies have shown that MoM wear is nonlinear with high wear-in in the first year and steady-state wear afterward [12, 51] . We based our findings on the total wear as measured to avoid error from calculating wear rates, particularly for the short-term revisions. However, the total volumetric wear rates are also reported. This series included 518 ASR XL conventional THAs and 23 ASR resurfacing retrievals. Previous reports on wear of MoM retrieved implants have been mostly on resurfacing components [15, 25, 28, 33] . Langton et al. [24] reported 2 to 97 mm 3 /year wear in patients with adverse reactions compared with 1 to 24 mm 3 /year in those without. Similarly, Glyn-Jones et al. [15] reported a mean of 3 mm 3 /year in patients with pseudotumors compared with < 1 mm 3 /year in those without. Finally, Matthies et al. [32] reported on 15 ASR resurfacings with median cup wear of 11 mm/year (range, 3-74 mm/year) and median head wear of 6 mm/year (range, 0-85 mm/year) compared with ASR XL cups with median 5 mm/year (range, 0-106 mm/year) and heads with 3 mm/year (range, 0-20 mm/year). These numbers are generally in the range of those in the present study. However, the number of implant retrievals in this study is larger than any previous reports and may be a better representation of the distribution in the general population.
Taper Damage Results
Corrosion may be affected by many factors such as taper angle geometry, cleanness during assembly, and engagement angle and force [4] . Our observations suggested that the surface texture of the stem taper is important in the corrosion damage pattern to the head taper in that the microgrooved stems consistently showed imprinting, albeit to variable degrees. The clinical implications of the imprinting damage and other corrosion damage are not completely understood. Matthies et al. [34] found no significant correlation between taper material loss and either blood metal ion levels or the incidence of pseudotumors in patients with different types of large-diameter MoM total hips. However, pseudotumors are only one aspect of adverse findings as a result of corrosion damage.
Tissue Characteristics
As noted in other histopathologic studies of periprosthetic tissues, variable reactions to wear and corrosion products likely reflect individual patient reactions [17, 22] . To date, no clear metal "dose-response" has been determined [9, 14, 15] . The most common ALVAL score was 5 out of 10; the most common feature was partial or complete synovial lining loss. The effects of tissue reaction on revision are unclear. In previous studies, cases with ALVAL scores of 9 to 10 were associated with clinical signs of metal hypersensitivity [8, 9, 13 ]. This could not be confirmed in the present study. Future analysis will be performed to examine correlations among histologic features, metrology, and known clinical details of all patients.
Conclusion
In this study, two striking observations were made. First, the volumetric wear of the 530 pairs varied over a large range. Forty-two pairs (8%) had very high wear, specifically, combined head-cup wear volume > 100 mm³, with a mean wear rate of approximately 49 mm³ per year. All of these 42 pairs exhibited severe edge wear with a mean wear depth of 500 mm at the rim area. For these 42 pairs, the runaway wear could be a major factor for their failure as a result of the edge wear. This may have in turn been caused by the ASR's low cup coverage angle of 150°. In contrast, 70% of the 530 pairs had a total head-cup wear volume of < 23 mm 3 , which translated into a mean wear rate of approximately 3 mm³ per year. For these pairs, wear from the bearing surface was less likely to have caused their failure.
The second observation was that there was a prevalence of edge wear in a majority of retrievals, including a large number with moderate or even low wear volumes. The percentage of implants that had edge wear was substantially higher than that reported for other designs of MoM implants. This is consistent with the predictions that low cup coverage angles of the ASR increase the risk of edge loading. Finally, the absence of evidence for impingement and dislocation was consistent with predictions that large-diameter bearings, combined with low cup coverage angles, may help reduce impingement. Taken together, these observations suggested that the failure of the ASR and ASR XL was multifactorial, and the failure of different subgroups (such as low wear subgroups) may be the result of mechanisms other than reaction to wear debris. Further studies will focus on the specific subgroups to investigate their failure mechanisms separately.
